Lactobacillus sakei subsp. sakei 2a is a bacteriocinogenic lactic acid bacterium isolated from Brazilian pork sausage, capable of inhibiting the growth of microbial pathogens, mainly Listeria monocytogenes. In order to optimize bacteriocin production for industrial applications, this study evaluated the effect of supplementation of MRS broth with glucose, Tween 20, Tween 80, sodium citrate, potassium chloride and cysteine, and effect of the initial pH and temperature of incubation of the medium on production of bacteriocins by L. sakei 2a. Adding glucose and Tween 20 to the medium, an initial pH of 5.0 or 5.5, and incubation temperatures of 25°C or 30°C resulted to the highest bacteriocin yields. Thus, a 2 4 factorial design with the four variables was performed, and statistical analysis showed that it was an adequate model (R 2 = 0.8296). In the studied range, the four parameters significantly influenced bacteriocin production, with the maximum yield produced at an initial pH between 5.5 and 7.0, a temperature between 25 and 30°C and supplementation of the MRS broth with glucose from 3.25 to 6.0 g L -1 and Tween 20 from 0.575 to 1.15% (v/v). Response Surface Methodology analysis indicated that the highest bacteriocin production (12800 AU mL -1 ) occurred in the MRS broth supplemented with 5.5 g L -1 glucose and 1.05% Tween 20 at an initial pH of 6.28 and an incubation temperature of 25°C. The amount of bacteriocin produced in commercial MRS broths under the same conditions was only 5600AU mL -1 .
Introduction
Bacteriocins are antimicrobial compounds produced by many different bacterial species. They are ribosomally encoded proteinaceous molecules capable of controlling the growth of pathogenic and spoilage bacteria, and those synthesized by lactic acid bacteria (LAB) have great potential as biopreservation agents in foods (Cotter et al., 2005) . Nisin, produced by Lactococcus lactis subsp. lactis, is the most intensively studied bacteriocin, and its use in foods is permitted in more than 50 countries (Field et al., 2012) .molecule identified as a histone-like DNA-binding protein HV produced by L. sakei subsp. sakei 23 (Carvalho et al., 2010) .
Production of bacteriocins by LAB depends on bacterial growth and maximum activity is usually coincident with maximum cell growth (Trinetta et al., 2008) . However, environmental factors such as temperature, pH and media composition can influence the level of bacteriocin produced (Abo-Amer et al., 2011) . MRS broth remains the most widely used culture medium for growth of LAB (Todorov and Dicks, 2006) . Certain components, such as carbohydrates, salts, surfactants or oxygen tension reducing agents added to the MRS broth can interfere with bacteriocin production (Vázquez et al., 2004; Todorov, 2008; Castro et al., 2011) . These factors need to be evaluated to achieve optimized bacteriocin production for industrial applications.
The use of response surface methodology (RSM) has a history of successful application in many fields, especially biotechnology, and is suited for the study of the effects of distinct factors on bacteriocin production (Cladera-Olivera et al., 2004; Leães et al., 2011; Kumar et al., 2012) . Studies have used RSM to evaluate the effect of medium components and environmental conditions on the antimicrobial activity of bacteriocins produced by L. lactis (Li et al., 2002) , Micrococcus sp. GO5 (Kim et al., 2006) , Lactobacillus acidophilus AA11 (Abo-Ame, 2011), Lactobacillus plantarum (Delgado et al., 2007; Han et al., 2011) , and L. casei (Kumar et al., 2012) .
The aim of this study was to use RSM for optimizing bacteriocin production by L. sakei subsp. sakei 2a in MRS broth using different combinations of added ingredients, pH levels and incubation temperatures.
Materials and Methods

Bacterial cultures and media
Bacteriocinogenic L. sakei subsp. sakei 2a was grown at 30°C for 18 h in MRS broth (Difco, Detroit, MI, USA). The formulation of MRS broth per liter was Proteose Peptone (10 g), Beef Extract (10 g), Yeast Extract (5 g), Dextrose (20 g), Polysorbate 80 (1 g), Ammonium Citrate (2 g), Sodium Acetate (5 g), Magnesium Sulfate (0.1 g), Manganese Sulfate (0.05 g) and Dipotassium Phosphate (2 g). L monocytogenes Scott A, used as the antimicrobial activity indicator strain, was grown at 37°C for 24 h in BHI broth (Difco, Detroit, MI, USA). Both strains were stored at -80°C in presence of 20% (v/v) glycerol.
Antimicrobial activity determination
The antimicrobial activity was monitored by the double layer diffusion test (Rosa et al., 2002) . Shortly, plates containing agar were overlaid with 5 mL semi-solid BHI (BHI supplemented with 0.7% agar) containing 50 mL of a fresh culture of L. monocytogenes Scott A (10 8 cfu mL -1 ).
The plates were left to dry, and 10 mL of the investigated bacteriocin diluted at 1/2, 1/4, 1/8, 1/16, 1/32, 1/48, 1/64, 1/96, 1/128, 1/192 and 1/256 in water was spotted onto the surface. The plates were incubated at 37°C for 24 h, and the bacteriocin titer was determined. A unit of bacteriocin activity (AU) was defined as the reciprocal of the highest dilution that resulted in a visible halo of inhibition. Results were expressed as AU mL -1 (Motta and Brandelli, 2002) . Two independent experiments were performed, and the average was calculated.
Effect of supplements in MRS broth, pH and temperature on bacteriocin production by L. sakei 2a
Bacteriocin production was assessed in MRS broth (Difco, Detroit, MI, USA) supplemented with glucose (5.0 and 10 mg mL -1 ), Tween 20 (10 and 20 mL mL -1 ), Tween 80
(10 and 20 mL mL -1 ), sodium citrate (0.3 and 1.0 mg mL -1 ), potassium chloride (0.55 and 3 mg mL -1 ), and cysteine (0.25 to 1.0 mg mL -1 ). These supplements were selected based on their previously reported influence on bacteriocin production (Vázquez et al., 2004; Todorov, 2008; Castro et al., 2011) . The supplements were added to MRS broth and sterilized by autoclaving (121°C for 15 min), except for cysteine which was sterilized by filtration (0.22 mm, Millipore Ind. Com. Ltda, USA). Influence of the pH of the culture medium on bacteriocin production was determined by adjusting the initial pH of the MRS broth to 4.5, 5.0, 5.5 and 6.0 with sterile 1N HCl. All tested broths were inoculated with an overnight culture of L. sakei 2a (1% v/v) and incubated at 25°C for 18 h. The influence of temperature on bacteriocin production was evaluated by incubating MRS broth containing L. sakei 2a at 25, 30, 37 and 40°C for 18 h. After incubation, the pH of the broths was adjusted to 6.5 with 10N NaOH and heated at 80°C for 30 min. Cells were harvested by centrifugation at 10,000 x g for 15 min at 4°C, and the antimicrobial activity in the supernatant was determined as described before.
Optimization of MRS supplementation using response surface methodology
Based on results of the experiments described in the previous item, the four variables with the greatest influence on bacteriocin production (glucose, Tween 20, pH and temperature) were selected for application in the RSM, which was performed using a set of experimental designs, such as central composite design with five coded levels. A 2 4 full factorial design for four factors with replicates at the center point and star points was used for optimization. Each variable was evaluated at five coded levels (-a, -1, 0, +1, +a). The axial distance, a, was chosen to be 2.0 to make this design orthogonal. A set of 27 experiments were carried out. 
Data analysis
Results were analyzed using the Experimental Design Module of the Statistica 10.0 software (Statsoft, OK, USA). The model permitted evaluation of the effects of the linear, quadratic, and interactive terms of the independent variables on the chosen dependent variables. Three-dimensional surface plots were drawn to illustrate the main and interactive effects of the independent variables on bacteriocin production. The optimum values of the selected variables were obtained by solving the regression equation and also by analyzing the response surface contour plots. The coefficient of determination (R 2 ) was employed for the quality of the fit of the polynomial model equation (Cladera-Oliveira et al., 2004; Leães et al., 2011) .
All experiments were conducted in triplicate, and the averages of two independent tests were calculated. Obtained values were compared using Tukey's test by Statistica 10.0, and differences were considered statistically significant when p < 0.05.
Results and Discussion
Effects of the addition of glucose, Tween 20, Tween 80, potassium chloride, sodium citrate and cysteine to MRS broth, initial pH of the culture medium and the temperature of incubation on bacteriocin production by L. sakei 2a are shown in Table 1 . The highest amount of bacteriocin was obtained in MRS broth containing glucose and Tween 20. Polysorbate surfactants, such as Tween 20 and Tween 80, suppress the adhesion of bacteriocin-producing cells, increasing the amount of bacteriocin in the culture medium. Increase of the quantity of Tween 80 in MRS broth promoted bacteriocin production by Enterococcus faecium ST311LD (Todorov and Dicks, 2005) , and Tween 20 in culture broth enhanced activity of the bacteriocin produced by L. sakei/curvatus ACU-1 (Castro et al., 2011) . Removal of Tween 80 from MRS broth did not affect bacteriocin production by L. sakei ST22Ch, but was critical for L. sakei ST153Ch and L. sakei ST154Ch (Todorov et al., 2013) .
Bacteriocin production may be regulated by the amount of glucose in the medium. Increased bacteriocin production in the presence of glucose was recorded for L. plantarum AMA-K (Todorov and Dicks , 2005) and E. faecium ST311LD (Todorov et al., 2008) . When growing L. sakei ST22Ch in MRS broth supplemented with 10, 20 or 30 g L -1 glucose, the amount of bacteriocin ST22Ch produced was 1600 AU mL -1 , and the same level of activity was recorded when glucose was replaced by 20 gL -1 fructose, lactose or saccharose. However, when glucose was replaced by 20 g L -1 maltose or 20 g L -1 gluconate, a decrease in bacteriocin ST22Ch activity was recorded. These results suggest that the glucose moiety of sucrose was essential for bacteriocin production (Todorov et al., 2013) .
Potassium chloride and sodium citrate are salts that influence the synthesis of antimicrobial peptides by LAB (Castro et al., 2011) . However, these salts had no effect on bacteriocin production by L. sakei 2a. On the other hand, the addition of cysteine to MRS broth increased bacteriocin production, but to a lesser extent than glucose or Tween 20 (Table 2) . Cysteine is an amino acid widely used in culture media as a reducing agent to create a more favorable environment for growth of microaerophilic microorganisms such as LAB (Vázquez et al., 2004) .
Optimization of bacteriocin production 827 Higher amounts of bacteriocin were produced when the pH of the MRS broth was 5.0 or 5.5 and the incubation temperature was 25°C or 30°C. At temperatures above 37°C and pH below 4.5, the detected amount of bacteriocin was negligible. Similar results were reported for bacteriocin production by L. acidophilus AA11 in M17 broth supplemented with 0.5% lactose (Abo-Amer, 2011). Conversely, production of bacteriocin by L. sakei ST22Ch in MRS broth at pH 5.0 and 5.5 was 50% lower than that produced when the initial pH ranged from 5.5 to 6.0. At a pH of 4.5, very low growth and production of bacteriocin were detected (Todorov et al., 2013) . The optimal temperature and initial pH for bacteriocin production by Micrococcus sp. GO5 were 37°C and 7.0-9.0, respectively (Kim et al., 2006) . In general, pH is important for bacteriocin production because it affects the aggregation of the producing cells and the adsorption of bacteriocin to their surface.
The pH also has an important role in the proteolytic degradation of bacteriocins (Cheigh et al., 2002) .
The initial pH of the MRS broth, incubation temperature and concentration of Tween 20 and glucose in the medium were the factors with the most significant influence on bacteriocin production by L. sakei 2a (Table 2) , and were selected for the RSM analysis. Table 3 presents the results of the analysis of variance (ANOVA) employed for determining the significant parameters and for estimating the production of bacteriocin by L. sakei 2a as a function of these four variables. The resulting regression equation presented a determination coefficient (R 2 ) of 0.8296, and a non-significant (p > 0.05) test of lack of fit, indicating that 82.96% of the total variation was explained by the model. In addition, the calculated F-value model was 5.3, which is twice as high as the F-value for 95% confidence (Ft 9,8 = 2.4) found in statistical 828 Malheiros et al. tables and demonstrates the significance of the regression model. Analysis of variance also indicated that the smaller the P-value, the more significant the corresponding coefficient. For the production of antimicrobial peptides by L. sakei 2a, linear and quadratic effects of pH and temperature were significant (P T , P T-T, P pH, P pH-pH < 0.05). The quadratic effects of the glucose and Tween 20 concentrations (P Glucose-Glucose , P Tween20-Tween20 < 0.05, P pH-pH < 0.05) indicated that they can act as limiting factors, and variation in their values will alter bacteriocin activity to a considerable extent. The interaction of glucose and Tween 20 concentration was also significant in predicting bacteriocin production with 93% confidence Thus, the following equation was obtained: . .
The "one-at-a time" optimization technique is massive, time consuming and usually ignores the importance of interactions between the process variables. In the statistical regression equations, positive constants in the linear effects indicate that higher values of the variable enhance bacteriocin production, and negative parameters indicate that the variable reduces or inhibits bacteriocin production. Also, significant quadratic parameters contribute to the curvature of the contour curve, giving a concavity to the graphic (downward if the variable constant is negative and upward if the variable constant is positive), and consequently the studied variable has an optimal point. In this context, RSM is a powerful tool for optimizing biotechnological processes (Anthony et al., 2009; Leães et al., 2011) . The three-dimensional response surface curves obtained by plotting the above equation are shown in Figure 1 . Equation 2 shows that the four variables have significant negative quadratic effects, and graphical analysis show downward concavity, and thus glucose, pH, temperature and Tween 20 concentration produce optimal bacteriocin production ( Figure 1 ). In the range studied, ANOVA (Table 3 ) results show that the four variables had a significant effect on bacteriocin production. Response surface data showed maximum bacteriocin production at an initial pH between 5.5 and 7.0, a temperature between 25 and 30°C and supplementation of MRS broth with glucose and Tween 20 in the range of 3.25 to 6.0 g L -1 and 0.575 to 1.15% (v/v), respectively. The addition of glucose and Tween 20 to MRS broth for all concentrations tested increased the yield of bacteriocin production compared with the control MRS broth at 25 or 30°C. According to Kumar et al. (2012) , the pH and temperature were effective for bacteriocin production by L. casei LA-1 ranging of 6.8 to 7.2 and 33.5 to 34.5°C, respectively. Lee et al. (2012) also showed that glucose concentration and initial pH had a large influence on the production of bacteriocins by Lactobacillus brevis DF01.
The effects of pH and temperature are very important for bacteriocin production, as reported for bacteriocins produced by L. mesenteroides FR52 (Krier et al., 1998) , L. plantarum 17.2b (Delgado et al., 2007) , and Bacillus spp. P11 (Leães et al., 2011) , among others. Using the RSM Optimization of bacteriocin production 829 methodology, it was possible to demonstrate that these parameters are also fundamental for bacteriocin production by L. sakei 2a, beyond the supplementation of MRS broth with glucose and Tween 20. Glucose, an important carbon source, may both induce and inhibit the activity of bacteriocins in a strain-dependent manner (Todorov, 2008; Abo-Amer et al., 2011) . A L. plantarum AMA-K medium supplemented with glucose induced the synthesis of bacteriocin (Todorov, 2008) , as was also detected in the present work. Likewise, MRS broth supplemented with Tween 20 enhanced L. curvatus/ L. curvatus ACU-1 bacteriocin activity (Castro et al., 2011) . Tween 20 is a non-ionic surfactant agent capable of increasing bacteriocin production due to its effect on membrane fluidity and stimulation of the secretion of proteins (Reese and Maguire, 1969) .
According to the analysis of variance and Fischer's test results (Table 4) 
The three-dimensional response surface of L. sakei 2a growth as a function of the initial pH and incubation temperature is shown in Figure 2 . Response surface data showed maximum growth at an initial pH between 5.5 and 7.5 and a temperature between 20 and 30°C. Therefore, the optimum condition for growth of L. sakei 2a is within the range of optimal production of bacteriocin. Mataragas et al. (2003) demonstrated that decreasing the temperature below the optimum for growth improved bacteriocin production. A high correlation between biomass production and bacteriocin synthesis was reported for L. lactis (De Vuyst, 1995) , Brevibacterium linens (Motta and Brandelli, 2003) and L. casei LA-1 (Kumar et al., 2012) . However, many studies performed with other LAB have shown that the optimal conditions for bacteriocin production are different than those for optimal growth (Li et al., 2002; Mataragas et al., 2003; Abo-Amer, 2011) . Therefore, these parameters must be evaluated case-by-case and be considered straindependent.
By mathematical optimization (from setting the first derivative equal to zero with respect to each variable), the best conditions for bacteriocin production are: an initial pH of 6.28, a temperature of 25°C, glucose concentration of 5.5 mg mL -1 and Tween 20 concentration of 10.5 mL mL -1 . Under these conditions, L. sakei 2a produced more then 2 time more bacteriocin (12800 AU mL -1 ) than in the nonoptimized counterpart (5600 AU mL -1 ) (Figure 3 ). The highest production of bacteriocin occurred after 12 h of incubation, coinciding with the early stationary phase of growth. Similar trends were reported previously for other bacteriocinogenic L. sakei strains (Leroy and De Vuyst, Optimization of bacteriocin production 831 2003) and for bacteriocin-like inhibitory substances from L. sakei/L. curvatus ACU-1 (Castro et al., 2011) . Because the antimicrobial activity started at the exponential growth phase and reached maximum values at the stationary phase, it is reasonable to consider bacteriocin a primary metabolite (Cheikhyoussef et al., 2009; Todorov and Dicks, 2009 ). The activity of bacteriocin remained unaltered for 48 h of incubation at 25°C, suggesting that extracellular proteases were not produced.
Conclusion
Supplementation of MRS broth with glucose and Tween 20 increased the production of bacteriocin by L. sakei 2a. A RSM indicated that maximum bacteriocin pro- (10.5 mL mL -1 ) at optimal conditions of temperature (25°C) and initial pH (6.28) (l) or in a commercial MRS broth (Difco) control (n). Each point represents the mean ± standard error of two independent experiments. duction in MRS broth was achieved at an initial pH of 6.28, an incubation temperature of 25°C, a glucose concentration of 5.5 mg mL -1 and a Tween 20 concentration of 10.5 mL mL -1 . L. sakei 2a reached the stationary phase after 12 h of cultivation, coinciding with maximum bacteriocin yield. These parameters are important for the optimization of growth and bacteriocin production, essential for the use of this strain or its bacteriocins as biopreservation agents for industrial applications. 
